Abstract. Retinoblastoma (RB) is the most common primary intraocular malignancy during infancy and childhood worldwide. Numerous microRNAs (miRNAs) contribute to RB initiation and progression through the regulation of cell proliferation, cycle, apoptosis, migration, invasion and metastasis. Therefore, further investigation concerning the expression, roles and associated mechanisms of RB-related miRNAs may be beneficial to develop novel strategies for patients with this malignancy. Recently, miRNA-448 (miR-448) has been reported to be aberrantly expressed and to play an important role in several types of human cancer. However, the expression patterns and biological roles of miR-448 in RB have not been studied. The aim of the present study was to detect the expression levels of miR-448 and investigate its functions in RB and its associated molecular mechanisms. In the present study, miR-448 was significantly downregulated in RB tissues and cell lines. Upregulation of miR-448 decreased cell proliferation and invasion and increased apoptosis in RB cells. Additionally, ρ-associated coiled-coil containing protein kinase 1 (ROCK1) was validated as a novel direct target gene of miR-448 in RB. ROCK1 was overexpressed in RB tissues and inversely correlated with miR-448 expression. Furthermore, ROCK1 silencing induced effects on the proliferation, invasion and apoptosis of RB cells similar to those observed following miR-448 overexpression. Moreover, restoration of miR-448 expression markedly reversed the effects of miR-448 overexpression on RB cells, further supporting the hypothesis that ROCK1 is a direct functional target of miR-448 in RB. Importantly, miR-448 targeted ROCK1 to inhibit the activation of the PI3K/AKT signalling pathway in RB. These results demonstrated that miR-448 may serve as a tumour suppressor in RB by directly targeting ROCK1 and regulating the PI3K/AKT signalling pathway, thereby suggesting that miR-448 may be an effective therapeutic target for treating this aggressive cancer.
Introduction
Retinoblastoma (RB), an eye cancer that originates from the retina, is the most common primary intraocular malignancy during infancy and childhood worldwide (1) . The incidence of RB is estimated at 1:15,000-1:20,000 in children who are less than 5 years of age (2) . Currently, the predominant therapeutic strategies for patients with RB include laser photocoagulation, cryotherapy, thermotherapy, chemotherapy, radiotherapy and enucleation (3) . Several risk factors are involved in RB occurrence and development; these factors include high oncogene expression level, loss of tumour suppressors and epigenetic change in oncogenic methylation (4) (5) (6) . Despite considerable efforts towards the treatment of RB, the therapeutic outcome of patients with RB remains unsatisfactory (7) . This poor prognosis is mainly due to diagnosis and treatment delay, metastasis to distant organs and chemoresistance (8, 9) . Therefore, the RB mechanisms causing RB formation and progression should be further understood. New therapeutic methods should also be developed to improve the prognosis of patients with this fatal disease.
MicroRNAs (miRNAs) are a group of endogenous, noncoding and short RNAs approximately 22 nucleotides in length (10) . miRNAs play a key role in gene regulation by interacting with the 3'-untranslated regions (3'-UTRs) of their target genes, thereby reducing or inhibiting the translation of their target mRNAs (11) . Computational estimations have identified over 1,000 miRNAs in the human genome that regulate one-third of human protein-encoding genes (12) . Accumulated evidence has shown that miRNAs participate in the regulation of various physiological and pathological processes, including cell proliferation, the cell cycle, differentiation, metabolism, angiogenesis, apoptosis, invasion and metastasis (13, 14) . Deregulation of miRNAs has been observed in numerous types of human cancer, such as RB (15) , gastric cancer (16) , bladder cancer (17) and ovarian cancer (18) . miRNAs may serve as either tumour suppressors or oncogenes in different types of human malignancies, and this mainly depends on the functional characteristics of their target genes (19) . Lowly expressed miRNAs may normally play tumour-suppressing roles through the regulation of oncogenes (20) , whereas upregulated miRNAs may act as oncogenes during tumour initiation and progression by repressing tumour-suppressor genes (21) . Therefore, investigation of cancer-related miRNAs may identify novel therapeutic targets for anti-tumour therapy.
Recently, miR-448 has been reported to be aberrantly expressed and to play important roles in several types of human cancer (22) (23) (24) . However, the expression patterns and biological roles of miR-448 in RB have not been studied. The aim of this study was to detect the expression levels of miR-448 and investigate its functions in RB and its associated molecular mechanisms.
Materials and methods

Human tissue samples and cell lines.
A total of 21 human RB tissues were obtained from RB patients who were treated with enucleation at Beijing Tongren Hospital (Beijing, China). Seven normal retinal tissues were also collected from patients who suffered from paediatric ruptured globe. None of these patients underwent chemotherapy, radiotherapy or other treatments before surgery. All tissues were immediately frozen in liquid nitrogen and stored at -80˚C until further use. This study was preapproved by the Medical Ethics Committee of Beijing Tongren Hospital. Written informed consent was also provided by all participants prior to enrollment in this research.
Three RB cell lines, namely, Y79, WERI-RB-1 and SO-RB50, were acquired from the American Type Culture Collection (ATCC; Manassas, VA, USA). All cell lines were grown in RPMI-1640 medium supplemented with 10% (v/v) foetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin (all from Gibco, Grand Island, NY, USA). Afterwards, these cell lines were maintained at 37˚C in a humidified atmosphere of 95% air and 5% CO 2 .
Oligonucleotides, plasmids and cell transfection. miR-448 mimics and miRNA negative control mimics (miR-NC) were acquired from Shanghai GenePharma Co., Ltd. (Shanghai, China). A small interfering RNA (siRNA)-targeting ROCK1 (ROCK1 siRNA) and negative control siRNA (NC siRNA) were chemically synthesised by Guangzhou RiboBio Co., Ltd. (Guangzhou, China). ROCK1 overexpression plasmid (pcDNA3.1-ROCK1) and empty pcDNA3.1 plasmid were obtained from GeneCopoeia (Guangzhou, China). For cell transfections, cells were seeded into 6-well plates at a density of 50-60% confluence. After overnight incubation, oligonucleotides or plasmids were transfected into cells using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer's instructions. Following transfection for 8 h, the culture medium was replaced with fresh RPMI-1640 medium with 10% FBS. 24, 48 and 72 h at 37˚C in 5% CO 2 , 20 µl of MTT solution (5 mg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added into each well and incubated at 37˚C with 5% CO 2 for an additional 4 h. Subsequently, the supernatant was removed and 100 µl of DMSO (Sigma-Aldrich; Merck KGaA) was added into each well. Absorbance was determined at a wavelength of 490 nm using an ELx800-type absorbance reader (BioTek Instruments, Inc., Winooski, VT, USA). Each assay was repeated thrice.
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR
Transwell invasion assay. Transwell chambers (Corning Incorporated; Corning, NY, USA) precoated with Matrigel (BD Bioscience; San Jose, CA, USA) was used to evaluate cell invasion capacity. After a 48-h incubation, 5x10 4 transfected cells in 300 µl FBS-free RPMI-1640 medium were seeded into the upper chambers. The lower chambers were filled with 500 µl RPMI-1640 containing 20% FBS to serve as a chemoattractant. After incubation at 37˚C with 5% CO 2 for 24 h, the non-invasive cells were gently scraped off with a cotton swab. Cells that invaded the lower membrane were fixed with 90% alcohol, stained with 0.5% crystal violet, washed with PBS and dried in air. The numbers of invasive cells were calculated in five random fields for each Transwell chamber under an inverted microscope (CX23; Olympus Corporation, Tokyo, Japan). Experiments were performed in triplicate and repeated thrice.
Flow cytometric analysis. Transfected cells were collected 48 h following transfection and lysed with ice-cold PBS. Cell apoptosis was examined using an Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (Nanjing KeyGen Biotech Co., Ltd, Nanjing, China), as previously reported (26) . After suspending in 500 µl binding buffer, the cells were incubated with 5 µl FITC-Annexin V and 5 µl propidium iodide (PI) in the dark at room temperature for 15 min. Cell apoptosis was detected immediately following staining using flow cytometry (Beckman Coulter Corp., Brea, CA, USA). Each experiment was performed in triplicate and repeated thrice.
Bioinformatic analysis. TargetScan (http://www.targetscan.org/) and miRanda (http://www.microrna.org/) were used to predict the potential targets of miR-448. ROCK1 was predicted as a major target of miR-448.
Luciferase reporter assay. Luciferase reporter plasmids, namely, pGL3-ROCK1-3'-UTR wild-type (Wt) and pGL3-ROCK1-3'-UTR mutant (Mut), were chemically synthesised by GenePharma Co., Ltd. Cells were seeded into 24-well plates at a density of 60-70% confluence. Subsequently, the cells were cotransfected with miR-448 mimics or miR-NC, and pGL3-ROCK1-3'-UTR Wt or pGL3-ROCK1-3'-UTR Mut, using Lipofectamine 2000, according to the manufacturer's instructions. Cells were harvested 48 h after transfection and the luciferase activities were analysed using the Dual-Luciferase reporter assay system (Promega, Madison, WI, USA) in accordance with the manufacturer's instructions. Renilla luciferase activity was normalised to firefly luciferase activity. Each assay was performed in triplicate and repeated thrice.
Western blot analysis. Western blot analysis was performed in accordance with standard experimental steps, as previously published (27) . Total protein was extracted from tissues and cells using a Total Protein Extraction kit (Nanjing KeyGen Biotech Co., Ltd.). After centrifugation at 12,000 rpm for 15 min at 4˚C, protein concentration was determined by a BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). Equal amounts of protein were separated with 10% SDS-PAGE and transferred onto PVDF membranes (Millipore, Billerica MA, USA). Afterwards, the membranes were blocked with 5% skimmed milk in TBS/0.1% Tween (TBST) at room temperature for 2 h and incubated overnight at 4˚C with primary antibodies against ROCK1 (cat. no. sc-374388; 1:1,000 dilution), PI3K (cat. no. sc-8010; 1:1,000 dilution), p-PI3K (cat. no. sc-130211; 1:1,000 dilution), p-AKT (cat. no. sc-271966; 1:1,000 dilution), AKT (cat. no. sc-81434; 1:1,000 dilution) and GAPDH antibodies (cat. no. sc-32233; 1:1,000 dilution; all from Santa Cruz Biotechnology, Santa Cruz, CA, USA). After washing thrice with TBST each time for 5 min, the membranes were probed with goat anti-mouse horseradish peroxidase-conjugated secondary antibody (cat. no. sc-2005; Santa Cruz Biotechnology) at room temperature for 2 h. After three washes by TBST, the protein bands were visualised using electrogenerated chemiluminescence (GE Healthcare Life Sciences, Chalfont, UK). GAPDH was used as an internal reference for protein-level normalisation.
Statistical analysis. Data are presented as the mean ± standard deviation. Data were analysed with Student's t-test or one-way analysis of variance (ANOVA) using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). Student-Newman-Keuls test was used as a post hoc test following ANOVA. Spearman's correlation analysis was to evaluate the association between miR-448 and ROCK1 mRNA in RB tissues. P-values less than 0.05 were considered statistically significant.
Results
miR-448 expression is downregulated in RB tissues and cell lines.
To explore the potential impact of miR-448 in RB occurrence and progression, we first detected the expression pattern of miR-448 in 21 primary human RB tissues and 7 normal retinal tissues. Data from RT-qPCR analysis showed that miR-448 was significantly downregulated in the RB tissues when compared with that noted in the normal retinal tissues (Fig. 1A, P<0 .05). Consistent with these results, the expression level of miR-448 was lower in all three RB cell lines (Y79, WERI-RB-1 and SO-RB50) than that in normal retinal cells (Fig. 1B, P<0 .05). The findings suggest that the downregulation of miR-448 may be involved in RB development.
miR-448 overexpression decreases cell proliferation and invasion and induces apoptosis in RB cells.
To investigate the biological roles of miR-448 in RB cells, the commercially synthesised miR-448 mimics were transfected into Y79 and WERI-RB-1 cells, which express a relatively lower miR-448 expression among the three RB cell lines. Transfection with miR-448 mimics markedly increased the expression of miR-448 in the Y79 and WERI-RB-1 cells compared with the cells transfected with miR-NC (Fig. 2A, P<0 .05). MTT assay was subsequently conducted to evaluate the effect of miR-448 overexpression on RB cell proliferation in vitro. The upregulation of miR-448 reduced the proliferation of Y79 and WERI-RB-1 cells (Fig. 2B, P<0 .05). Additionally, Transwell invasion assay indicated that the ectopic expression of miR-448 inhibited the cell invasion abilities of Y79 and WERI-RB-1 cells compared with the miR-NC group (Fig. 2C, P<0 .05). Furthermore, flow cytometric analysis was carried out to assess cell apoptosis in Y79 and WERI-RB-1 cells following transfection with miR-448 mimics or miR-NC. As depicted in Fig. 2D , restoration of miR-448 expression increased the apoptosis of Y79 and WERI-RB-1 cells relative to the miR-NC group (P<0.05). These results suggest that miR-448 exerts tumour suppression during RB initiation and progression.
ROCK1 is a target gene of miR-448 in RB.
To further investigate the mechanism of action of miR-448 in RB, bioinformatic analysis was conducted to predict the potential target of miR-448. Among these potential targets, ROCK1, a well-known oncogene, was predicted as a major target of miR-448 and was further studied for confirmation. As illustrated in Fig. 3A , the 3'-UTR of ROCK1 contains one predicted binding site for miR-448. To examine whether the 3'-UTR of ROCK1 could be directly targeted by miR-448, luciferase reporter assay was performed. The upregulation of miR-448 obviously suppressed the luciferase activities in Y79 and WERI-RB-1 cells with the wild-type ROCK1 3'-UTR plasmid (Fig. 3B, P<0.05 ), but did not affect the activities of the mutant ROCK1 3'-UTR plasmid, thereby indicating that miR-448 directly interacted with the target regions in the 3-UTR of ROCK1. RT-qPCR and western blot analysis were carried out to further evaluate the regulatory effect of miR-448 on endogenous ROCK1 expression in RB. ROCK1 mRNA (Fig. 3C,  P<0 .05) and protein (Fig. 3D, P<0 .05) expression levels were significantly suppressed by miR-448 overexpression in Y79 and WERI-RB-1 cells. Overall, these results demonstrated that ROCK1 is the direct target of miR-448 in RB.
ROCK1 is upregulated and negatively correlated with miR-448 expression in RB tissues.
To further assess the association between miR-448 and ROCK1 in RB, we measured the expression level of ROCK1 in 21 primary human RB tissues and 7 normal retinal tissues. As shown in Fig. 4A and B, RB tissues exhibited significantly higher ROCK1 expression at both the mRNA (P<0.05) and protein (P<0.05) levels compared with those of the normal retinal tissues. Furthermore, an inverse association between ROCK1 mRNA and miR-448 expression levels in RB tissues was observed using Spearman's correlation analysis ( Fig. 4C ; r=-0.6075, P<0.005). This observation confirms ROCK1 as a target gene of miR-448 in RB.
ROCK1 knockdown exhibits effects similar to those observed following miR-448 overexpression in RB cells.
This study demonstrated that the upregulation of miR-448 inhibits cell proliferation and invasion and increases apoptosis in RB, and that ROCK1 is a direct target of miR-448. Hence, we hypothesised that the tumour-suppressive effects of miR-448 overexpression on RB cells were possibly exhibited by ROCK1 knockdown. To confirm this hypothesis, ROCK1 siRNA was used to knock down the ROCK1 expression in Y79 and WERI-RB-1 cells. Following transfection, western blot analysis confirmed that ROCK1 was markedly downregulated in ROCK1 siRNA-transfected Y79 and WERI-RB-1 cells compared with that noted in cells transfected with NC siRNA (Fig. 5A, P<0 .05). Subsequent functional experiments revealed that downregulation of ROCK1 decreased proliferation (Fig. 5B, P<0 .05) and invasion (Fig. 5C, P<0 .05) and promoted apoptosis (Fig. 5D, P<0 .05) of Y79 and WERI-RB-1 cells. The functions of ROCK1 silencing were similar to those induced by miR-448 overexpression in RB cells, thereby suggesting that ROCK1 is a functional target of miR-448 in RB.
Restoration of ROCK1 expression attenuates the inhibitory effects of miR-448 on RB cells.
To determine whether the tumour-suppressive effects of miR-448 on RB cells are mediated by ROCK1, rescue experiments were conducted in Y79 and WERI-RB-1 cells cotransfected with miR-448 mimics and pcDNA3.1 or pcDNA3.1-ROCK1. After transfection, western blot analysis indicated that the reduced ROCK1 protein expression caused by miR-448 mimics was reversed by cotransfection with pcDNA3.1-ROCK1 in Y79 and WERI-RB-1 cells (Fig. 6A, P<0.05) . Functional experiments results showed that restoration of the expression of ROCK1 attenuated the effects of miR-448 overexpression on proliferation (Fig. 6B, P<0 .05), invasion (Fig. 6C, P<0 .05) and apoptosis (Fig. 6D, P<0 .05) in Y79 and WERI-RB-1 cells. These results revealed that miR-448 exerts its suppressive roles in RB, at least partly, by downregulating ROCK1 expression.
miR-448 suppresses the PI3K/AKT signalling pathway in RB.
ROCK1 is involved in the regulation of the PI3K/AKT signalling pathway (28) (29) (30) . Hence, we determined the PI3K, p-PI3K, AKT and p-AKT expression levels in Y79 and WERI-RB-1 cells cotransfected with miR-448 mimics and pcDNA3.1 or pcDNA3.1-ROCK1. Western blot analysis showed that the miR-448 overexpression decreased the expression levels of p-PI3K and p-AKT in the Y79 and WERI-RB-1 cells (Fig. 7) . However, the total PI3K and AKT levels were unaffected. Furthermore, the expression levels of p-PI3K and p-AKT in Y79 and WERI-RB-1 cells were recovered after cotransfection with pcDNA3.1-ROCK1. These results indicated that miR-448 targets ROCK1 to suppress the PI3K/AKT signalling pathway in RB.
Discussion
Numerous miRNAs contribute to RB initiation and progression by regulating cell proliferation, cell cycle distribution, apoptosis, migration, invasion and metastasis (31) (32) (33) . Therefore, further investigation on the expression, roles and associated mechanisms of RB-related miRNAs may be beneficial to develop novel strategies for patients with this malignancy. In the present study, miR-448 expression was downregulated in RB tissues and cell lines. The restoration of miR-448 expression attenuated cell proliferation and invasion and improved the cell apoptotic rates in RB cells. ROCK1 was also identified as a direct target of miR-448 in RB. Additionally, miR-448 upregulation inhibited activation of the PI3K/AKT signalling pathway in RB by inhibiting ROCK1 expression. Taken together, miR-448 may serve as a tumour suppressor in RB by directly targeting ROCK1 and regulating the PI3K/AKT signalling pathway.
Accumulated evidence has demonstrated that miR-448 expression is aberrantly expressed in numerous cancer types. For example, the miR-448 expression level is low in pancreatic ductal adenocarcinoma tissues and cell lines. Decreased miR-448 expression was strongly correlated with poor prognostic factors. Survival analysis indicated that pancreatic ductal adenocarcinoma patients with low miR-448 expression displayed a shorter survival period than those with a high miR-448 level (22) . In lung squamous cell carcinoma, miR-448 was downregulated in tumour tissues and cell lines. Low miR-448 expression was significantly associated with differentiation, tumour-node-metastasis (TNM) stage and prognosis. Moreover, miR-448 is a poor independent prognostic factor for patients with lung squamous cell carcinoma (23) . In colorectal cancer, the miR-448 level is decreased and negatively correlated with advanced TNM stage and lymph node metastasis (24) . In hepatocellular carcinoma, miR-448 is underexpressed and associated with tumour stage and metastasis (34) . miR-448 is also downregulated in gastric cancer (35) , ovarian cancer (36) and osteosarcoma (37, 38) . Nevertheless, miR-448 is overexpressed in oral squamous cell carcinoma (39) . These conflicting findings suggest that the expression pattern of miR-448 exhibits tissue specificity, and miR-448 may be a diagnostic and prognostic biomarker for these types of cancer.
An increasing number of studies has revealed the tumour-suppressing functions of miR-448 in tumorigenesis and tumour development. For instance, Yu et al demonstrated that ectopic miR-448 expression inhibited pancreatic ductal adenocarcinoma cell migration and invasion in vitro and suppressed liver metastasis in vivo (22) . Shan et al showed that restoration of miR-448 expression decreased the cell growth and metastasis of lung squamous cell carcinoma (23). Li et al also found that restoration of miR-448 expression prohibited cell proliferation, colony formation and motility in colorectal cancer (24) . Zhu et al demonstrated that enforced miR-448 expression decreased the epithelial-mesenchymal transition and invasion in hepatocellular carcinoma (34) . Wu et al also indicated that the upregulation of miR-448 expression attenuated gastric cancer cell proliferation, colony formation and invasion (35) . Lv et al revealed that miR-448 overexpression suppressed the cell growth and metastasis of ovarian cancer (36) . Jiang et al found that miR-448 re-expression suppressed cell proliferation, colony formation and metastasis in osteosarcoma (37, 38) . However, miR-448 was also demonstrated to act as an oncogene in oral squamous cell carcinoma by promoting cell proliferation and migration and inhibiting apoptosis (39) . These conflicting findings suggest that the functional roles of miR-448 display tissue specificity, and miR-448 may be developed as a therapeutic target for the treatment of these cancers.
Several direct targets of miR-448, including JAK1 (22) in pancreatic ductal adenocarcinoma, DCLK1 (23) in lung squamous cell carcinoma, IGF1R (24) in colorectal cancer, ADAM10 (35) in gastric cancer, CXCL12 (36) in ovarian cancer, EPHA7 (37) and AEG-1 (38) in osteosarcoma and MPPED2 (39) in oral squamous cell carcinoma, were identified. In our present study, ROCK1 was demonstrated as a novel target of miR-448 in RB. ROCK1, located on chromosome 18 (18q11.1), is overexpressed in multiple types of human malignancy, such as pancreatic cancer (40), gastric cancer (41), lung cancer (42), laryngeal squamous cell carcinoma (43) and prostate cancer (44) . An increasing number of studies provides sufficient evidence that ROCK1 plays pivotal roles in carcinogenesis and progression via regulation of various cellular functions, including cell proliferation, apoptosis, migration, invasion and epithelial-mesenchymal transition (45) (46) (47) (48) . ROCK1 was also found to be highly expressed in RB. Functionally, ROCK1 inhibition was found to reduce the cell invasion capacity and adhesive ability of RB (49) . ROCK1 was found to be regulated by multiple miRNAs in human cancers, such as miR-148a in gastric cancer (50) , miR-195a in laryngeal squamous cell carcinoma (51) , and miR-101 in osteosarcoma (29) . Therefore, miRNA-based ROCK1-targeted therapy in RB is considered a valuable strategy to treat patients with this disease.
In conclusion, miR-448 downregulation was observed in RB tissues and cell lines. In addition, miR-448 may play a tumour-suppressive role in RB by directly targeting ROCK1 and regulating the PI3K/AKT signalling pathway. This result suggested that miR-448 could potentially serve as a therapeutic target for the treatments of patients with RB. However, we did not employ a normal retinal cell line as a control. It is a limitation of the present study. In addition, ROCK1 plays an important role in the regulation of cell migration (52) . In the furture, we will examine the effect of miR-448 on RB cell migration. Figure 7 . miR-448 targets ROCK1 to suppress the PI3K/AKT signalling pathway in RB. Western blot analysis was adopted to detect PI3K, p-PI3K AKT, and p-AKT expression levels in Y79 and WERI-RB-1 cells transfected with miR-448 mimics along with pcDNA3.1 or pcDNA3.1-ROCK1. ROCK1, ρ-associated coiled-coil containing protein kinase 1; RB, retinoblastoma.
